Abstract. Determination of zinc concentrations in the liver of calves and young stock is commonly requested by practitioners and nutritionists to assess whether they receive an appropriate amount of zinc in their diet. However, interpretation of liver zinc concentrations is currently based on information reported for adult cattle for which the health status was unknown and irrespective of production class, sex, and age. A retrospective study of necropsy reports was undertaken to assess the relationships between liver zinc concentrations and age, sex, and production class for calves that did not have a history compatible with zinc toxicosis or zinc deficiency. Results of a generalized least squares, polynomial regression analysis of 474 records found that zinc concentration was not affected by sex (P ϭ 0.29) or production class (P ϭ 0.50). Zinc concentration was significantly associated with linear (P Ͻ 0.00001) and nonlinear (quadratic, P ϭ 0.0039) functions of age (r 2 ϭ 0.1503), where the concentration decreased from 93 mg/kg wet weight at 30 days of age to 57 mg/kg wet weight at 9 months of age, after which it began to increase. The age-specific 95% confidence limits of the mean concentration for a group of calves and the 95% prediction limits of a single concentration value for an individual animal estimated in this study suggest reconsideration of the recommended limits for liver zinc concentration in calves. As a consequence of the significant influence of age on liver zinc concentration of calves presumably not experiencing zinc toxicosis or deficiency, diagnosis of zinc imbalances based on liver zinc concentration needs to consider age as a diagnostic covariate.
Zinc is essential for life as it is required for many physiological processes. Zinc is present in more than 300 metalloenzymes and is involved in DNA replication, RNA and protein synthesis, carbohydrate and lipid metabolism, gene expression, and appetite regulation. 1, 16, 20, 37 Clinical manifestations of improper zinc status in cattle are severe. Zinc deficiency has been associated with poor production and growth, and a number of economically important health-related issues. 4, 5, 22, 28, 32, 34 Clinical signs include poor body condition, dull appearance, decreased appetite, 9 rough hair coat, poor growth rates, impaired vision, diarrhea, hyperkeratosis, alopecia, 34 abortion, mummification, prolonged calving/uterine inertia, impaired vitamin A metabolism, immunosuppression, thymic hypoplasia/atrophy, marked decline in milk production and weight gain, reduction in circulating insulin and growth hormone levels, and decreased efficiency of feed use. 11, 34 Although less common, zinc poisoning has also been reported in cattle and is usually a result of accidental oversupplementation. 12, 13 Excessive concentrations of zinc in injectable forms and zinc-iron boluses have been implicated in the development of zinc poisoning in cattle. 23 Furthermore, addition of zinc to drinking water, salt-mineral blocks, dietary rations, 11 and milk replacer 13, 19 has been associated with excessive zinc exposure in cattle. Zinc concentrations in livers of calves that died from zinc toxicosis are reported to be between 144 and 510 mg/kg wet weight. 2, 3, 13 Calves can be more susceptible than adult cattle to zinc toxicosis, 13, 25 with clinical signs of zinc including diarrhea, anorexia, pica, polyuria, polydipsia, pneumonia, cardiac arrythmias, and seizures. 14 Pathologic findings associated with zinc toxicosis in calves include diffuse bronchopneumonia, noninflammatory pancreatitis, nephrosis, hepatosis, and adrenal cortical fibrosis. 13 Severe zinc disorders are diagnosed from the combined evidence of clinical and pathological abnormalities, but the diagnosis of the early stages of zinc deficiency or toxicosis can be difficult. Zinc concentrations in serum and plasma are the most widely used indicators of zinc status, but they lack repeatability and sensitivity as a diagnostic criterion because of individual animal variability and the fact that many factors other than dietary zinc can affect plasma or serum zinc concentrations. 15, 36, 38 In addition, plasma and serum zinc concentrations can be influenced by stress. 8 Zinc concentrations in liver, however, are more stable and less likely to be influenced by stress. Thus, liver is a preferred tissue for zinc determinations. However, liver zinc concentrations have been referenced in the past without regard to age or production class, with the exception of fetal liver zinc concentrations, which decline rapidly with fetal age. 10 The objective of this study was to estimate liver zinc concentrations in calves without zinc deficiency or zinc toxicosis and to evaluate whether there was an association between zinc concentrations and the calf's age, sex, and production class (dairy or beef).
Materials and methods
Case evaluations. Samples were collected from calves necropsied at the California Animal Health and Food Safety Laboratory System between May 1990 and July 2001. Cases selected for study included calves up to 1 yr of age, for which liver heavy metal analyses were performed as part of the routine diagnostic investigation, and liver zinc concentrations were recorded by age, sex, and production class (beef or dairy). Records were excluded for any animal with a diagnosis of toxicosis of any kind, any diagnosis of liver disease, or clinical signs that were suggestive of either zinc deficiency or toxicosis. These included integumentary and musculoskeletal diseases such as foot rot, interdigital dermatitis, thickening or shortening of bones, parakeratosis, submandibular edema, and arthritis. Calves with clinical signs of diarrhea, polyuria, reduced feed intake and growth rate, reduced appetite, excessive bawling, emaciation, pneumonia, or seizures for which no etiology was determined were also excluded from the study. Cases with atypical etiologies suggesting possible immunodeficiency were also excluded. In addition, cases without clinical histories or diagnoses or involving calves that recently received mineral supplementation were excluded from the study. In total, 817 records were reviewed, and 474 records were retained for study.
Quantitative heavy metal analysis. Liver samples were digested with nitric acid and analyzed for zinc by inductively coupled argon plasma emission spectrometry (ICP a ). The accuracy of ICP was measured by analyzing standard reference materials (SRM) for zinc concentration, such as bovine liver (National Bureau of Standards and Technology, SRM 1577b) and lobster hepatopancreas (National Research Council of Canada TORT-2). Data were accepted if analyzed SRM values fell within 2 standard deviations of the certified value. Zinc concentrations were determined on a wet weight basis.
Statistical analysis. A multivariable, generalized linear regression model was used to assess the effect of sex, age, and production class (dairy ϭ 1, beef ϭ 0) on transformed liver zinc concentrations, where a Box-Cox transformation 6 of the zinc concentrations was used to satisfy the normality assumption of the original data. The generalized linear regression model was of the form A variable for which the coefficient was not likely to be zero (P Յ 0.05) was interpreted to be statistically significantly associated with liver zinc concentrations. The final model, which included only the significant variable, was used to estimate the liver zinc concentrations for calves of a specified age and to estimate the 95% confidence limits (CLs) for the mean liver zinc concentration of a group of calves and the 95% prediction limits (PLs) for the concentration for an individual calf. Calculations were performed using a commercial statistical software. b
Results Of the 474 records that indicated no evidence of zinc toxicosis or deficiency, 188 were male subjects and 286 were female subjects. There were 310 dairy calves and 164 beef calves. Results of a generalized linear regression analysis found that liver zinc concentrations were not associated with the sex (P ϭ 0.29) or production class (P ϭ 0.50). The nonlinear polynomial nature of the changing zinc concentration with age was indicated by the statistically significant linear (P Ͻ 0.00001) and quadratic (P ϭ 0.0039) relationships of age with zinc concentration (Table 1 ). The multiple R 2 value for the model that included only age was 0.1503, suggesting that 15.03% of the variation in zinc was due to variation in age. The 95% CLs for the mean concentration for a group of calves and the 95% PLs for a single concentration value of an individual animal are presented in Figs. 1, 2 and Tables 2, 3. The (Tables 2, 3) . Depending on age, the upper 95% CL of zinc concentration for a group of calves ranged from 63 to 117 mg/kg wet weight and the lower 95% CL ranged from 49 to 97 mg/kg wet weight (Table 2) . For individual calves, the upper and lower 95% PL ranged from 198 to 439 mg/ kg wet weight and 22 to 36 mg/kg wet weight, respectively (Table 3) .
Discussion
The results presented here indicate that for calves less than 1 year of age, the diagnostic covariate of age should be considered in interpretations of liver zinc concentrations. The highly statistically significant effect of age and the multiple R 2 of 15% demonstrate that a sizable amount of the variation in zinc concentration (15%) is attributable to age. The decline in zinc concentration observed in preweaned calves, which subsequently decreases with age, may be related to the higher absorptive capacity of zinc before weaning. 27 Thus, as the absorptive capacity declines, the zinc concentration also would be expected to decline. The liver zinc concentration ranges for calves up to 1 month of age, as estimated in this study, is slightly higher than estimates of 25-100 mg/kg wet weight reported previously for cattle. 33 Values reported previously 33 rep-resent a collection of data from several studies. Unfortunately, it is not known whether animals for which estimates were derived had experienced zinc toxicosis or deficiency. Moreover, the analytical methods used to derive the acceptable limits were not described, and it is unknown whether the acceptable ranges are PLs for individual animals or CLs for groups of animals. This study found that the upper 95% CL of 117 mg/ kg wet weight for calves up to 1 year of age exceeds the commonly used limit of 100 mg/kg zinc wet weight. In addition, the lower 95% CL of 49 mg/kg wet weight (Fig. 1) is much higher for groups of calves up to 1 year of age than the minimum limit of 25 mg/ kg wet weight, a value commonly used by diagnosticians as the lowest concentration considered adequate for cattle. 33 The data presented here suggest an acceptable range of liver zinc concentrations for groups of calves up to 1 year of age to be 49 mg/kg (lower 95% CL) to 117 mg/kg (upper 95% CL) wet weight. Marginal zinc deficiency has been suggested to range from 25 to 40 mg/kg wet weight, and deficiency has been suggested to be from less than 20 mg/kg wet weight to as high as 40 mg/kg wet weight. 33 Studies inducing clinical signs of zinc deficiency in calves reported liver zinc concentrations between 24 and 28 mg/kg wet weight. 26, 29, 31 Results here for individual calf values ( Fig. 2; Table 3 ) are very similar to those described elsewhere 33 and suggest that liver zinc concentrations based on lower 95% PLs of Ͻ50 mg/kg wet weight should be considered marginally deficient in individual calves less than 1 year of age.
This study also found that liver zinc concentrations were not affected by production class, although many dairy calves are fed milk replacer that is supplemented with zinc. The recommended concentration of zinc in milk replacer is 40 mg/kg in dry matter, 19 whereas zinc concentration in milk of dairy cows fed adequate levels of zinc contains only about 4 mg/kg in dry matter. 24 Based on typical diets, beef calves would be expected to have lower zinc concentrations than dairy calves. A possible reason for finding no difference in zinc concentration between beef and dairy calves despite differences in feeding levels may be that dietary zinc is absorbed or eliminated as required to maintain homeostatic control of tissue zinc concentrations. 24 However, at high dietary zinc concentrations, the mechanisms in place to maintain homeostatic control of zinc concentrations are lost. 24 Little is known about the influence of sex on liver zinc concentrations in cattle. Liver and muscle zinc concentrations were not found in this study to be significantly different in female and male animals, whereas in another study kidney and blood zinc concentrations were significantly higher in female calves than in male calves. 30 However, the age of calves in the previous study ranged from 6 to 12 months, and zinc concentrations were not adjusted for the effects of age. Other studies pursued assessment of breed differences for zinc concentrations of adult beef cattle. 21 Demands of individual tissues for zinc can be expected to vary depending on the requirements for growth, 11 which can be substantial in calves less than 1 year of age. 5, 7, 11, 16, 17, 18, 35 Raising the lower limit of acceptable mean zinc liver concentrations from 25 to 50 mg/kg wet weight, as suggested by results of this study, may assist producers and veterinarians in preventing some of the previously described economic losses associated with zinc deficiency in groups of calves. 5, 7, 11, 16, 17, 18, 35 The prediction intervals should be used to assess whether the liver zinc concentration measured for an individual calf was within the limits expected for calves of the same age with no known zinc imbalance (either deficiency or excess). The CLs, on the other hand, should be used to assess whether the mean concentration for a group of calves of a given age was within the limits expected for a group of age-matched calves with no known zinc imbalance. For herd investigations where multiple animals in an age group are tested, confidence intervals of the mean concentration should be used to assess the likelihood of zinc imbalance. As expected, greater variation in concentration can be found among individual values than among mean values; thus, the PLs are considerably wider than the CLs.
In summary, results reported in this study present age-dependent limits for zinc concentrations in livers of calves. These limits are presented both for the individual animal and for the mean of a group of animals. As a consequence of the significant influence of age on liver zinc concentrations of calves, diagnosis of zinc imbalances based on liver zinc concentrations need to consider age as a diagnostic covariate.
